EMBO reports VOL 13 | NO 12 | 2012 1079 review review With the steady rise in the prevalence of obesity and its associated diseases, research aimed at understanding the mechanisms that regulate and control whole body energy homeostasis has gained new interest. Leptin and insulin, two anorectic hormones, have key roles in the regulation of body weight and energy homeostasis, as highlighted by the fact that several obese patients develop resistance to these hormones. Within the brain, the hypothalamic proopiomelanocortin and agouti-related protein neurons have been identified as major targets of leptin and insulin action. Many studies have attempted to discern the individual contributions of various components of the principal pathways that mediate the central effects of leptin and insulin. The aim of this review is to discuss the latest findings that might shed light on, and lead to a better understanding of, energy balance and glucose homeostasis. In addition, recently discovered targets and mechanisms that mediate hormonal action in the brain are highlighted.
Introduction
Although obesity has only recently become one of the more important health problems of developed societies, it has been studied for centuries. Obesity is no longer looked at as just a major health problem but is considered an economic predicament as well-placing an enormous financial burden on society for the care and treatment of patients. This metabolic state and its associated illnesses-for example, diabetes mellitus, dislipidaemia and hypertension-have increased healthcare costs beyond sustainable levels. It has been calculated that over the next 20 years, the healthcare costs attributable to obesity will rise to about 16% of the total of those costs in Western countries [1, 2] .
Early attempts by researchers to understand the biology and pathology of obesity has revealed several brain areas and factors involved in the regulation of food intake and body weight. These studies found that the CNS, mainly the hypothalamus, has a pivotal role in integrating signals from peripheral tissues-such as the pancreas, white adipose tissue and the gut-to regulate energy homeostasis (Fig 1) . Secretions from these tissues act as peripheral signals that relay information regarding the energy status of the organism to the CNS. Two of the most well-known and studied peripheral signals are leptin and insulin, the expression levels of which correlate with total body fat mass [3] . In states of energy deficiency the blood levels of these two hormones are lower, whereas in states of energy surplus they are increased.
From earlier publications reporting that pituitary adenomas cause obesity [4, 5] , up to studies that have used more innovative methods and new techniques, the hypothalamus has been identified as the main regulator of feeding. Efforts to understand the molecular basis of obesity focused on the hypothalamus and its modulation by peripheral signals. The first clues about the importance of the hypothalamus in the control of feeding came from studies showing that lesions in some of its areas cause alterations in food intake and body weight [6] [7] [8] [9] . The hypothalamus, located in the mediobasal part of the brain, is organized into wellstructured nuclei (ventromedial (VMH), paraventricular (PVH) and lateral (LHA)). Within each nucleus, neuronal populations are characterized by their expression of neuropeptides, which are involved in the control of food intake. Thus, it has been observed that lesions in the VMH are associated with hyperphagia and obesity [8] , whereas lesions in the LHA cause hypo phagia and a decrease in body weight [7] . Within the basal part of the hypothalamus, the Arc contains a special modification in the bloodbrain barrier to allow for the entry of nutrients, hormones and other molecules from the blood. Its 'privileged' location allows it to be the first sensor of peripheral signals [10] . As a result of this, it has been postulated that the Arc has a fundamental role in sensing the global energy status of the organism [10] . Within the Arc are two neuronal populations each characterized by the expression of specific neuropeptides, which have potent effects on energy homeostasis (Fig 1; [11] ). One of these populations consists of the POMC and CART neurons, which provide a strong anorexi genic effect-secretion of the POMC and CART neuro peptides from these neurons decreases food intake and body weight. By contrast, the second population of AgRP and NPY neurons has a potent orexigenic effect-release of AgRP and NPY increases food intake.
review
Leptin and insulin effects in POMC and AgRP neurons Thus, in a situation of negative energy balance, for example fasting, the expression of AgRP is increased and POMC expression is decreased. However, during a state of energy surplus, AgRP levels are diminished and POMC levels are elevated. Both hormones are also important regulators of peripheral metabolism; in fact, a report shows the importance of intact AgRP signalling in adult mice to maintain normal lipid and glucose homeostasis in peripheral tissues, such as the liver, muscles and the pancreas (Fig 1; [12, 13] ).
In the following sections, this review discusses insights into the leptin and insulin signalling pathways in the POMC and AgRP neurons that mediate the effects of the hormones on glucose and energy metabolism. In addition, the impact of new players, such as mTOR and AMPK, and new mechanisms, such as autophagy in the POMC and AgRP neurons, and their effect on energy homeostasis is highlighted.
Leptin and insulin signalling pathways
Leptin, an adipokine, is secreted by the WAT in positive relation to the total amount of body fat. Insulin is secreted by the pancreatic β-cells dependent on the blood glucose level in the short term and on the level of adiposity in the long term. Both peripheral signals present a strong anorexigenic effect [3] . Central administration of these molecules, which mimics a state of energy surplus, inhibits food intake and decreases body weight [14] . Furthermore, their central actions have a potent impact by regulating glucose homeostasis and lipid metabolism. The actions of leptin and insulin are mediated by the LepR-b and InsR, respectively, which are expressed in several areas of the CNS including the hypothalamus. Interestingly, LepR-b and InsR expression is high in the AgRP and POMC neurons of the Arc [15] [16] [17] [18] . Given the role of these neuronal populations and the demonstration that they express high levels of LepR-b and InsR, it was proposed some years ago that the leptin and insulin signalling pathways in the POMC and AgRP neurons of the Arc are highly significant in the regulation of food intake, body weight and glucose homeostasis.
Leptin activates different signalling cascades. When this hormone binds to the extracellular domain of LepR-b, it recruits and activates the Janus kinase (JAK). JAK binds to and phosphorylates LepR-b [19] , which activates STAT3. Once phosphorylated, STAT3 binds to pomc and agrp promoters, stimulating POMC expression and inhibiting AgRP [20, 21] . The most studied targets of leptin action are the proteins involved in the PI3K signalling pathway. Leptin activates PI3K, which induces the synthesis of PIP 3 from PIP 2 [22] [23] [24] . Accumulation of PIP 3 leads to PDK1 activation and thus activates protein kinase B (PKB, also known as AKT). Interestingly, the insulin signalling pathway, after insulin binds to the InsR and activates the insulin receptor substrate (IRS), converges with the leptin pathway at the same point, the activation of PI3K, to modulate body weight and glucose homeostasis [17, 25] . AKT, one of the PDK1 downstream targets, has an important role in the regulation and activation of many proteins and transcription factors, among which are FoxO1 [26, 27] , AMPK [28, 29] and mTOR [30] . FoxO1 acts as an inhibitor of POMC expression [31] . When leptin and insulin signalling leads to the phosphorylation of FoxO1, it is exported from the nucleus, thus allowing for the binding of STAT3 to the pomc promoter to stimulate its expression. In AgRP neurons, the nuclear export of FoxO1 abrogates agrp expression because STAT3 is able to bind to the agrp promoter and inhibit its expression (Fig 2; [32] ).
Leptin and insulin also regulate the AMPK signalling pathway in the hypothalamus [29] . Proteins involved in this pathway sense the global energy status and are activated by an energy deficiency [28, 33] . Leptin and insulin, signals of energy surplus, inhibit the activation of AMPK and its downstream targets. The mTOR pathway is also important in the hypothalamic regulation of food intake, sensing nutrient availability and energy status [30, 34] . In contrast to AMPK, mTOR expression is higher in situations of energy surplus; in fact it has been reported that intracerebroventricular (ICV) leptin administration increases mTOR expression [30] . mTOR is important as a mediator of leptin action in the hypothalamus: it has been demonstrated that an intact mTOR signalling pathway is necessary to maintain the anorex igenic effects of leptin [30] . A report also showed that mTOR mediates leptin-induced inhibition of the AMPK pathway [35] . Leptin-mediated activation of mTOR/S6K promotes the phosphorylation and inhibition of AMPK, and thereby regulates feeding behaviour (Fig 2; [35] ). This new mechanism accentuates the importance of the mTOR pathway in mediating the effects of leptin. Furthermore, the role of mTOR in insulin signalling has been described. Insulin activates the mTOR pathway in the hypothalamus and mTOR/S6K, in turn, regulates the insulin-mediated suppression of HGP [36] .
The single components of the insulin and leptin signalling pathways in the POMC and AgRP neurons, and their effects on glucose and energy homeostasis, are discussed in more detail later in this review.
Leptin in POMC and AgRP neurons
For several years, it has been known that leptin and insulin are important in the regulation of energy homeostasis [37] . It is expected that obese patients would present with lower serum leptin levels but, surprisingly, the opposite is true-high levels are expressed. This is believed to be the consequence of so-called leptin resistance, a state in which leptin signalling is impaired [38, 39] . In mice, mutations of leptin (Lep ob/ob ) or LepR (Lep db/db ) are associated with increased body weight and impaired glucose homeostasis-for example, hyper glycaemia, hyperinsulinaemia, insulin resistance and impaired hepatic glucose production [40] [41] [42] . It has been reported that ICV leptin injections in these mice reduce body weight and food intake, and ameliorate glucose metabolism [14] . These findings, together with the evidence that the Arc neurons are important in the regulation of energy balance, focused attention on the POMC and AgRP neurons as the main targets of leptin action. It has been reported that leptin action depolarizes (activates) POMC [16] and hyperpolarizes (inhibits) AgRP neurons [43] .
Glossary
There were many attempts to investigate the exact mechanism by which these hormones act in the hypothalamus. Following the discovery and use of Cre-lox technology, the mechanisms of action of both hormones have become better understood, but are still unclear. The deletion or overexpression of LepR in POMC or AgRP neurons causes changes in body weight, food intake and glucose homeostasis [44] [45] [46] . Thus, the importance of POMC in leptin signalling has been intensely studied. It is well known that POMC neurons are essential in mediating leptin actions in the brain. Several studies have shown that deletion of LepR in these neurons promotes obesity, without changes in food intake or energy expenditure [44] [45] [46] [47] , and that overexpression of this receptor in POMC neurons of LepR-null mice partly rescues the obesity and hyperphagic phenotype characteristic of this mouse strain [46, 48] . Despite this, there are controversies about the role of POMC in leptin signalling. Two reports have shown two reasons for the decrease in body weight seen in LepR-null mice that re-express LepR in POMC neurons. One report states that it is due to diminished food intake [46] , whereas the other attributes it to increased energy expenditure [48] . In the latter, the authors postulated that this discordance could be due to LepR expression in subsets of POMC neurons. The mice that were used in the first study [46] overexpressed LepR in all POMC neurons, although in the study by Berglund et al [48] the reintroduction of LepR was restricted only to the subset of POMC neurons that originally express this receptor, and to the effects of leptin outside of the Arc that are important for the regulation of food intake. In both animal models, re-expression of LepR improved glucose levels and insulin sensitivity independently of body weight, indicating that leptin signalling in POMC neurons has a key role in regulating glucose homoeostasis [47, 48] . The effects of leptin on AgRP neurons are not as clear. In these neurons, the deletion of LepR is associated with an increase in total body weight and adiposity [49] . AgRP and POMC are both involved in the maintenance of energy balance by leptin signalling. Mice with ablation of LepR in both the POMC and AgRP neurons present more severe review Leptin and insulin effects in POMC and AgRP neurons obesity [49] . It has been postulated that these subsets of neurons work in a synergistic way to respond to leptin [49] .
Insulin in POMC and AgRP neurons
Insulin, as with leptin, has been demonstrated to be an important regulator of several actions through the CNS [50] [51] [52] [53] . It has been demonstrated that central insulin administration regulates feeding behaviour. Since the first evidence demonstrating that brain-specific deletion of InsR (NIR knockout mice) is associated with dietsensitive obesity and increased food intake by female mice [51] , many reports have tried to identify the neurons and mechanism by which this hormone affects the brain. In NIR knockout mice, obesity is related to high leptin levels [51] , demonstrating that central leptin actions require intact insulin signalling in the CNS. Furthermore, central insulin is essential for the regulation of proper glucose homeostasis. As in the case of leptin, POMC and AgRP neurons are supposed to be crucial targets of insulin signalling. It has been shown that insulin acts on these subsets of neurons, as shown by the fact that its central administration provokes hyperpolarization of both POMC and AgRP neurons in the Arc [17, 29, 45, 54] . Curiously, unlike leptin, the selective ablation of InsR in POMC or AgRP neurons has no effect on body weight or food intake [17] . However, transgenic deletions of InsR in POMC and AgRP neurons have an impact on glucose metabolism. Specifically, similarly to pharmacological blockade of insulin signalling, mice with an ablation of the InsR in AgRP-but not in POMC-neurons have impaired suppression of HGP [17] , demonstrating the significance of insulin action on these neurons in the maintenance of glucose homeostasis. To investigate further the role of Arc neurons in mediating the effects of insulin, one study has analysed the effects of InsR re-expression in AgRP and POMC neurons in mice lacking InsR expression in the Arc [18] . In accordance with previous reports, these InsR knockout mice had potent suppression in HGP only when InsR is reexpressed in the AgRP neurons [18] . By contrast, re-expression in the POMC neurons increased HGP, and these mice also show increased food intake and locomotor activity compared with the InsR knockout mice [18] . Contrary to other reports, POMC neurons thus seem to have a role in energy homeostasis through insulin signalling. Taken together, these results demonstrate that AgRP and POMC neurons mediate insulin effects on glucose homeostasis. Other neuronal populations, for example, in hypothalamic nuclei-VMH was described as a regulator of food intake-are also probably involved in the effects of insulin on the regulation of body weight and food intake.
Mediators of leptin and insulin actions
When the Arc POMC and AgRP neurons were identified as major targets that mediate central leptin and insulin actions, several reports have tried to understand the exact mechanisms by which theses hormones modulate energy and glucose homeostasis. As stated above, leptin and insulin are involved in the activation of signalling pathways (Fig 2) . Genetic modifications in these target genes have provided some ideas for how both hormones are able to trigger responses by the POMC and AgRP neurons. Since the finding that STAT3 deletion in the CNS induces an obese phenotype associated with lower mRNA levels of pomc, this gene has been largely studied as an important factor involved in leptin signalling [55, 56] . Various work in which STAT3 was deleted or overexpressed in Arc neurons demonstrated a clear role of this gene in this mechanism [20, 21, 57] . In POMC neurons, it has been described that STAT3 activation causes mild obesity associated with increased food intake and lower pomc mRNA levels [21] . Furthermore, this animal model has an impaired leptin response. Peripheral leptin administration was unable to reproduce the expected effects on body weight and food intake seen in control mice-an observation that reinforces the importance of STAT3 signalling in POMC neurons mediating leptin effects [21, 57] . In addition to this leptin resistance, which is probably mediated by increased expression of SOCS3-an inhibitor of leptin signalling-constitutive activation of STAT3 in POMC neurons leads to insulin resistance [21] . This study confirms the role of STAT3 as a mediator of not only leptin but also insulin signalling in POMC neurons. The role of STAT3 in AgRP neurons has also been examined [20, 31, 58] . Its activation by leptin has inhibitory effects on agrp mRNA levels. As expected, and because of the findings that STAT3 expression modifies agrp expression [31] , constitutive activation or deletion of STAT3 in this neuronal population regulates energy balance [20, 59] . STAT3 deletion shows a mild gain in mouse body weight, and unlike the effects of STAT3 in POMC neurons, this deregulation is due to effects on energy expenditure. Overexpression of STAT3 in AgRP neurons is associated with increased locomotor activity, with no effects on food intake [20] , indicating that these factors could be responsible for the recovery of locomotor activity after restoration of LepR levels in the Arc of LepR knockout mice [20, 60] . Furthermore, STAT3 has the effect of ameliorating glucose homeostasis in mice exposed to a high fat diet (HFD; [20] ), indicating that this model is less sensitive to leptin. Altogether, these reports provide a clear implication of STAT3 in the mechanism(s) by which leptin and insulin elicit responses by the POMC and AgRP neurons. Overexpression of STAT3 in each separate neuron population results in different effects on energy balance and glucose homeostasis, indicating that synergy between the groups of neurons is necessary for a complete and appropriate response to leptin.
The PI3K-PKD1-FoxO1 signalling pathway acts to integrate leptin and insulin signals. The primary effector of this pathway, PI3K, has been shown to be a mediator of both hormones (Fig 2) . PI3K is required for the actions of leptin and insulin to activate or inhibit POMC and AgRP neurons [17, 23, 29, 43] . It has been demonstrated that the PI3Kp110β subunit has a fundamental role in regulating body weight, food intake and glucose homeo stasis through leptin and insulin signals [61] . Once more attention was focused on the importance of PI3K in mediating the effects of both hormones, it became obvious that the mechanisms by which it provokes changes in energy homeostasis were not clearly identified. Studies reported PDK1 as the main PI3K target to affect energy homeostasis. It was demonstrated that PDK1 is involved in the ability of POMC and AgRP neurons to sense leptin and insulin inputs [22, 62, 63] . In POMC neurons, the deletion of PDK1 promotes a gain in body weight associated with increased food intake [22, 62] . As expected, mice with this ablation have lower pomc expression [22, 62] , which is responsible for the changes in food intake seen in these animals. Furthermore, PDK1 deletion in POMC neurons affects glucose homeostasis. Administering leptin to these animals cannot reproduce the body weight loss provoked in control mice, suggesting that leptin action in POMC neurons is dependent on PDK1 [62] . It has also been reported that PDK1 is involved in insulin action. The lack of PDK1 in POMC neurons leads to increased insulin sensitivity in adult mice, and higher blood glucose levels in young and obese mice [22] . The deletion of PDK1 in this neuronal population has no effects on energy expenditure. By contrast, in AgRP neurons, PDK1 was shown to regulate energy balance by provoking changes in food intake and energy expenditure [63] . As anticipated, and contrary to its effect in POMC neurons, the deletion of PDK1 in the AgRP population promoted body weight loss as a consequence of diminished food intake and enhanced energy expenditure-specifically, increased locomotor activity [63] . In addition, these mice were more sensitive to leptin. Chronic peripheral administration of leptin induced greater reductions in body weight and food intake [63] . PDK1 activates AKT, which then regulates many kinases and transcription factors. One of the most studied is FoxO1, which has been involved in hypothalamic neuropeptide expression and food intake. As stated above, when FoxO1 is phosphorylated and inactivated by leptin in POMC neurons, it acts to promote pomc transcription and, conversely, inhibits neuropeptide expression in AgRP neurons (Fig 2) . As expected, previous data from the two PDK1 knockout models described above are in agreement with the FoxO1 effects on feeding. PDK1 deletion in POMC neurons impairs FoxO1 phosphorylation and thus, this transcription factor remains in the nucleus to inhibit pomc expression. In AgRP neurons, PDK1 ablation leads to nuclear accumulation of FoxO1 and decreased food intake [63] . These data indicate that FoxO1 could be the last effector regulating leptin signalling. In fact, in the PDK1 deletion studies, inhibition of FoxO1 rescues the phenotype. Its inactivation in PDK1Δ POMC mice abolished the change in body weight, pomc expression and glucose homeostasis [22, 62] . In AgRP neurons, FoxO1 inactivation, which leads to its exclusion from the nucleus, rescues the phenotype seen in the AgRP-PDK1 knockout mice [63] . These studies emphasize the importance of FoxO1 as a regulator of leptin and insulin actions.
Several studies have described the specific action of FoxO1 in the regulation of food intake, energy expenditure and glucose homeostasis. Leptin and insulin require FoxO1 signalling in the Arc to provoke their anorexigenic effects that lead to increased leptin and insulin plasma levels. Given these clues, the role of FoxO1 in POMC and AgRP neurons was investigated [26, 31, 64, 65] . In POMC neurons, the deletion of FoxO1 leads to body weight loss associated with decreased food intake [64] . This change in feeding behaviour is not associated with changes in pomc expression, but the authors linked it with increased levels of α-melanocyte stimulating hormone, a proteolytic product of POMC, and they found that FoxO1 actions on energy balance are mediated by carboxypeptidase E, a prohormone processing convertase [64] . No changes in energy expenditure were found in this model. Furthermore, FoxO1 expression in POMC neurons has an important role in leptin and insulin action [64, 65] . The deletion of this transcription factor in POMC neurons increased leptin sensitivity [64] . A report investigated the role of FoxO1 in AgRP neurons [26] . FoxO1 signalling is required in AgRP neurons to regulate energy homeostasis. The specific ablation of FoxO1 in this neuronal population was associated with decreased food intake and locomotor activity [26] . Interestingly, body weight was not affected. In addition, it has been shown that the lack of FoxO1 in AgRP neurons is involved in glucose homeostasis. This animal model presents altered HGP due to enhanced insulin sensitivity of the AgRP neurons [26] . In this work, G-protein-coupled receptor 17 (Gpr17) is identified as the downstream target from which FoxO1 affects energy homeostasis in the AgRP neurons [26] .
Summarizing, the individual contributions of important factors in the leptin and insulin signal transduction pathways have been described. STAT3 and FoxO1-downstream transcription factors from both pathways-are shown to have key roles in energy balance and glucose homeostasis and can act independently within either of the POMC or AgRP neurons in the Arc. In addition, all of these factors modify the overall effects of leptin and insulin on food intake, energy expenditure and glucose metabolism, indicating that there must be a co-operative, that is, synergistic, interaction between pathways for the AgRP and POMC neurons to regulate energy homeostasis. mTOR is also a downstream target of the PI3K pathway, and its activation is dependent on nutrient availability [30, 34] . In addition to its role in sensing glucose or leucine levels, it has been shown that this pathway mediates the anorexigenic effects of leptin, as noted above [30, 66, 67] . Pharmacological studies have demonstrated that mTOR inhibition by rapamycin blunts the effects of leptin on food intake [30] . Furthermore, these results were corroborated by other reports using transgenic models. Mice with a selective lack of S6K do not respond to leptin treatment, showing that this pathway is involved in leptin resistance [66] . The activation of the mTOR pathway in POMC neurons attenuates body weight loss and decreases food intake after leptin treatment [68] . These data support the idea that the mTOR pathway is an important mediator of the onset of leptin resistance.
HIF, which has been linked to the mTOR pathway [69, 70] is regulated by oxygen availability. Under hypoxic conditions HIF is stabilized and under normoxia it is degraded [71, 72] . It has been demonstrated that this transcription factor is involved in the control of glucose metabolism [73] . The deletion of HIF in POMC neurons curtails the changes on pomc expression caused by glucose injection, demonstrating that HIF mediates glucose action on POMC neurons [73] . This role of HIF was independent of leptin signalling. AMPK and mTOR are nutrient sensors. The activation of HIF counteracts food intake provoked by AICAR-an AMPK activator. In the same way, the orexigenic effects of rapamycin are blocked by HIF activation. Furthermore, decreased food intake caused by the activation of mTOR in the mediobasal hypothalamus is reduced in mice lacking HIF in their POMC neurons. This report shows a potent action of HIF in glucose sensing, which in POMC neurons involves AMPK and mTOR signalling [73] . However, HIF is not only involved in glucose sensing. In the same report, the authors propose that HIF acts as a therapeutic target to oppose obesity. The animal model used in this study is more sensitive than normal mice to a high fat diet; however, the constitutive activation of HIF protected these mice against diet-induced obesity [73] .
Role of autophagy in glucose homeostasis
Macroautophagy-referred to as autophagy-is a new mechanism involved in the maintenance of cellular homeostasis. Autophagy is a process whereby cytoplasmic organelles are sequestered and delivered into lysosomes for degradation to provide the cell with nutrients under starvation conditions (Fig 3; [74] ). Although the role of autophagy has been tested in other tissues [75, 76] , this mechanism had not been studied in the hypothalamus. In the past year, some reports have implicated autophagy in the regulation of food intake [74, [77] [78] [79] [80] . Mice that lack the autophagy-related gene 7 (Atg7) in POMC or AgRP neurons show altered energy homeostasis. In AgRP neurons, inhibition of autophagy promotes body weight loss associated only with increases in locomotor activity. In addition, these mice have a reduced rebound effect on food intake after fasting, suggesting that they might develop enhanced leptin sensitivity [74] . The deletion of Atg7 in POMC neurons leads to obesity, and changes in food intake and energy expenditure [77] , supporting the idea that autophagy regulates energy homeostasis. In agreement with the findings in AgRP neurons, the inhibition of autophagy in POMC neurons provokes potent effects on glucose homeostasis [77, 78, 80] and causes structural alterations-such as diminished neuronal projections-in these neurons. These mice show leptin resistance and this is related to the inability of leptin to activate and phosphorylate STAT3 [78, 80] . Furthermore, the lack of Atg7 in POMC neurons increased blood glucose levels despite elevated insulin concentrations, indicating that these mice develop insulin resistance [77, 80] . These data clearly demonstrate an implication of autophagy in glucose homeostasis. Beyond these animal models in which autophagy is abolished in specific neuronal populations, another study shows the effect of impaired autophagy in the mediobasal hypothalamus (MBH; [79] ). In this report, the authors used a strategy of shRNA stereotaxic delivery to abrogate Atg7 expression in the MBH. Surprisingly, these mice showed the same phenotype as the Atg7Δ POMC mice: the appearance of obesity was due to elevated food intake and impaired energy expenditure [79] . The reason why autophagy seems to have more important effects on POMC neurons than on AgRP cells remains unclear. However, the fact that the lack of Atg7 in POMC neurons provokes a loss of neuronal projections from these cells to the PVH [80] , an important hypothalamic nucleus involved in the regulation of food intake, might provide a clue as to why POMC autophagic effects prevail over those of AgRP. Further efforts are needed however to investigate the role of autophagy in promoting structural changes in the AgRP neurons. In spite of this, the mechanism by which autophagy affects energy balance is still unknown (Sidebar A). Noteworthy, it has been proposed that the mTOR pathway can act to mediate autophagy-dependent changes in energy homeostasis [74, 77] .
In conclusion, the individual contributions of each significant component of the JAK, STAT3 and PI3K pathways in the regulation of energy balance and glucose homeostasis have been described. Furthermore, studies of STAT3 and FoxO1, the last effectors of these pathways, have been shown to have vital roles in leptin and insulin actions. The POMC and AgRP neurons of the Arc of the hypothalamus have been identified as key central targets of leptin and insulin action. New targets, such as mTOR, have been detected to be potent mediators of leptin and insulin signalling, and new mechanisms, such as autophagy, have been discovered to be involved in energy and glucose homeostasis. It was also emphasized that specific subpopulations of neurons might have differential roles in feeding compared with glucose homeostasis regulation [56] . Despite all these, more efforts are needed to understand the individual contribution of each factor discussed here and the global mechanisms by which they operate, with the ultimate goal of obtaining a molecular and systemic understanding of the onset of leptin and insulin resistance (see Sidebar A). This would, thereby, advance the development of future therapeutic treatments to combat obesity and its associated metabolic syndrome. and extrahypothalamic areas in mediating the actions of leptin and insulin on integrative physiology? (iii) What is leptin and insulin resistance in relation to neurons? (iv) What is the exact mechanism by which hypothalamic autophagy affects energy balance?
